Protein aggregation including the formation of dimers and multimers in solution, underlies an array of human diseases such as systemic amyloidosis which is a fatal disease caused by misfolding of native globular proteins damaging the structure and function of affected organs. Different kind of interactors can interfere with the formation of protein dimers and multimers in solution. A very special class of interactors are nanoparticles thanks to the extremely efficient extension of their interaction surface. In particular citrate-coated gold nanoparticles (cit-AuNPs) were recently investigated with amyloidogenic protein β2-microglobulin (β 2 m). Here we present the computational studies on two challenging models known for their enhanced amyloidogenic propensity, namely ΔN6 and D76N β 2 m naturally occurring variants, and disclose the role of cit-AuNPs on their fibrillogenesis. The proposed interaction mechanism lies in the interference of the cit-AuNPs with the protein dimers at the early stages of aggregation, that induces dimer disassembling. As a consequence, natural fibril formation can be inhibited. Relying on the comparison between atomistic simulations at multiple levels (enhanced sampling molecular dynamics and Brownian dynamics) and protein structural characterisation by NMR, we demonstrate that the cit-AuNPs interactors are able to inhibit protein dimer assembling. As a consequence, the natural fibril formation is also inhibited, as found in experiment.
Introduction
The interest in the interaction of nanoparticles (NPs) with amyloidogenic proteins is continuously growing due to the huge number of possible applications in nanomedicine and nanotechnology. [1] [2] [3] In particular, the interaction between gold nanoparticles (AuNPs) and the biological systems has received great attention due to the development of novel therapeutic and diagnostic tools, 4, 5 and due to concerns regarding their safety in vivo. 6, 7 It is widely accepted that the contact between the surface of NPs and proteins triggers a competition between different biological molecules to adsorb on the surface of the NPs 5 either transiently or permanently, in the so-called soft or hard corona layer. 8 As a consequence, the protein structure and/or function may be perturbed to different extent or remain conserved. Understanding protein-inorganic nanoparticle interactions is central to the rational design of new tools in biomaterial sciences, nanobiotechnology and nanomedicine. Theoretical modelling and simulations provide complementary approaches for experimental studies.
We have recently studied the interaction of citrate-capped gold nanoparticles (cit-AuNPs) with β2-microglobulin (β 2 m), 9 the light chain component of class I major histocompatibility complex (MHCI), see Fig. 1 . In long-term hemodialysed patients, this protein precipitates into amyloid deposits and accumulates in the collagen-rich tissues of the joints, originating a pathology referred to as dialysis related amyloidosis (DRA). 10 Contrary to expectations, based on previous studies of Here, we progress further the investigation of nanoparticle effects on more challenging amyloidogenic β 2 m protein species, namely D76N and ΔN6 that can undergo fibrillogenesis under mild conditions at neutral pH. D76N is a naturally occurring variant of β 2 m bearing an asparagine residue at position 76 instead of an aspartate. This single point mutant ASP76ASN (D76N) is associated with the late onset of a fatal hereditary systemic amyloidosis characterised by extensive visceral amyloid deposits. This variant readily forms fibrils by agitation at neutral pH exhibiting the highest amyloidogenic ability amongst all known β 2 m variants. 12 The ΔN6 is a truncated form of β 2 m, lacking the first six N-terminal residues. This cleaved variant is the major component of ex vivo amyloid plaques (∼26%) of patients affected by DRA. 13 While there is a broad agreement regarding the ability of ΔN6 to prime the fibrillar conversion of Wild-Type β 2 m in vitro under physiological conditions, the mechanism by which this occurs is not consensual.
Notwithstanding that a prion-like mechanism of ΔN6 has been proposed to drive the fibrillogenesis of the β 2 m native form, 14 Bellotti and coworkers has challenged the prion-like hypothesis by reporting that the Wild-Type β 2 m does not fibrillate with monomeric ΔN6 but rather with preassembled fibrils of ΔN6.
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The major goal of the present work is to address the interaction mechanism between cit-AuNPs and D76N and ΔN6 adducts via enhanced molecular dynamics simulations and NMR experiments. The focus is placed on the interference of the cit-AuNPs with the protein at the early stages of aggregation, namely monomeric and dimeric adducts.
By using molecular simulations at multiple levels (enhanced sampling molecular dynamics and Brownian dynamics) we provide a map of the preferential interaction sites between monomeric and dimeric protein aggregates and the cit-AuNP. The achieved results on D76N demonstrate that simulations and NMR data provide a picture in which the interaction with cit-AuNP occurs via protein dimers, suggesting the presence of preassembled D76N dimers in solution at neutral pH. For ΔN6 variant, preferential interactions are mostly occurring through the amino-terminal region in both the monomeric and dimeric species. At physiological pH, ΔN6 variant may be present as monomers and/or dimers in solution and the interaction with the cit-AuNPs may occur with both, indistinctly.
In all cases, this binding of nanoparticles is able to block the active sites of protein domains used for the binding with another protein, thus leading to an inhibition of the fibrillation activity as found in experiments.
Results and discussion
The nature of the binding of D76N and ΔN6 variants on citAuNP, is characterized by a comprehensive multiple level modeling investigation, spanning from rigid-body protein-surface docking to enhanced molecular dynamics simulations. In this section we describe the employed computational approach and the results obtained for the monomeric and dimeric adducts. In the Experimental part we will report the experimental NMR and UV-vis data and the comparison with simulations.
Brownian dynamics (BD) simulations are initially performed to generate protein-surface monomeric and/or dimeric encounter complexes, by keeping the internal structure of the proteins and the surface rigid during the docking. More specifically, the adsorption free energies of the encounter complexes are computed for the structures resulting from the docking and the BD simulation trajectory are clustered to identify different orientations. For each of the most populated complexes, which are ranked by size, a representative structure is selected for each system and refined by enhanced MD.
The BD interaction energy of the protein with the cit-AuNP surface is described by four main terms: 20 van der Waals energy described by site-site Lennard-Jones interactions, E LJ , adsorbate-metal electrostatic interaction energy, U EP and the desolvation energy of the protein, U p ds , and of the metal surface, U m ds . 21 For the monomeric assemblies, the simulations are started from the NMR structure (PDB:1JNJ) upon inclusion of variations, whereas for the dimeric assemblies a preliminary protein-protein dockings is also performed to obtain the initial more favourable association complexes (results are reported in section "Protein-protein docking: the dimeric interface").
After performing the initial docking simulations, the stability of the docked encounter complexes is assessed by running Replica-Exchange simulations in solvent and on cit-AuNP involving multiple simulations at different temperatures (T-REMD). The adopted simulation protocol 9 includes 20 (or 30) ns of replica exchange molecular dynamics (REMD) at Fig. 1 The native structure of wild-type human β-2 microglobulin (β 2 m) (top) and its secondary structure content together with that of ΔN6 and D76N β 2 m variants (bottom).
different temperatures (T-REMD), yielding an aggregated simulation time of 640 (or 960) ns.
Monomers on cit-AuNP
Docking of monomers on negative gold. In this section, we focus on the docking of D76N and ΔN6 monomers on citAuNP. The density of negative charge of the gold surface atoms is chosen according to an atomistic model which is able to mimic the electrochemical potential of the cit-AuNPs surface under aqueous conditions and at physiological pH. 9, [22] [23] [24] After this docking procedure was applied to D76N net chg = +3.00e (X net chg = total net charge of X species) and ΔN6 net chg = −1.00e monomers on negative charged gold surface atoms (Au net chg = −0.05e), a hierarchical clustering algorithm (based on a minimum distance linkage function) was applied to the diffusional encounter complexes. Two main orientations are found namely A and B, accounting for 71% and 29% of the total encounter complexes, respectively. In the case of ΔN6 monomer, docking provided a single orientation i.e. complex I, accounting for the 96% of the total encounter complexes. Protonation state of the proteins is determined as explained in the Methodology.
The representative structures of the resulting complexes are shown in Fig. 2 . The complexes stability and the protein residues contacting the surface are listed in Table 1 .
From Table 1 , the binding of D76N on cit-AuNP in complexes A and B is driven mostly by the electrostatic terms. The binding in complex A and B is stabilised mostly by the electrostatic terms. The preferred orientation involves the residues at the N-terminal (ILE1 GLN2 ARG3) tail and DE-loop (LYS58). The strong and highly populated binding seems to be associated with the total charge of the gold surface atoms and the amount of charged residues (ARG3, LYS58) contacting the surface and this is due to the fact that in presence of negatively charged gold the protein is able to use simultaneously more than one charged contact in order to optimise the binding. On the contrary, binding of ΔN6 on cit-AuNP in complex I is driven by E LJ interactions but electrostatic is also relevant due to the charge contact of the negative surface with a positively charged LYS58. From the present docking results, we may conclude that the effect of two variations located in significantly different protein domains i.e. N-TER for ΔN6 and EF-loop for D76N, does not significantly affect the global orientation of protein bound complexes to cit-AuNP respect to the native β 2 m protein. The most populated A and I complexes of the two variants are contacting cit-AuNP through DE-loop (LYS58).
Enhanced sampling of monomers on cit-AuNP. To assess the stability of the monomeric docked encounter complexes and to include the effect of structural relaxation, ReplicaExchange simulations in solvent and on cit-AuNP involving multiple simulations at different temperatures (T-REMD) are performed starting with the most representatives and populated monomeric complexes obtained from rigid-body BD docking.
Simulation results of Complex A for D76N monomer and Complex I for ΔN6 interacting with cit-AuNP are summarised On the left: Time evolution of contacting residues for the monomeric D76N with respect to the surface of the nanoparticle interface (i.e. protein residues within 3 A from the surface), extracted from the total 20 ns T-REMD and central and right panels report the two most representative structures of the D76N monomer during T-REMD. Bottom panel. ΔN6 binding to citrate-auNP is conserved during the entire 20 ns length of T-REMD since the protein remains anchored through the DE-loop residues (LYS58, TRP60) and BC-loop residue (HIS31). In addition, the ΔN6 monomeric protein exhibited few contacts with C-TER (ARG97, MET99) residues in the very last part of the 20 ns simulation. The capability of the ΔN6 protein to remain anchored to the citrate surface during T-REMD is in line with the intensity reduction which were observed experimentally for ΔN6 on citAuNP. Table 2 Most populated encounter complex for D76N and ΔN6 protein-protein complexes by BD simulation. The structure of a single complex is representative for the 97% of the total encounter complexes for D76N dimers, whereas the ΔN6 dimers is representative for the 70% of the total complexes. The protein backbone is shown in cartoon representation. For nomenclature, see For D76N mutant, (see upper panels of Fig. 3 ), a stable interaction between the N-terminal, BC and DE loop and the NP surface is confirmed by T-REMD, but also AB loop exhibited systematic contacts with the surface. This AB-loop is shown to be only loosely bound during the simulation see Fig. 3 (c) and it can detach itself from the surface. On the contrary, in Fig. 3 (a) the contact patch through N-TER and DE loop is well conserved during the entire 20 ns length of T-REMD and the protein remains anchored through the N-terminal residues (ILE1, GLN2, ARG3) and DE-loop residues (LYS58, TRP60).
T-REMD results revealed that D76N mutant, if compared to the wild-type β 2 m, is characterised by a greater flexibility along the AB loop (res [12] [13] [14] [15] [16] [17] [18] [19] [20] and EF loop (res 71-77), the latter containing the mutated residue 76. Due to the substitution of ASP76 with ASN76, the donor/acceptor atoms belonging to the neighbouring AB and EF loops are disrupting salt bridges allowing the formation of essential hydrogen bonds. As a result, a large degree of detaching of AB loop from EF loop is observed during the dynamics.
Loop AB, however, showed poor or no involvement at all in the NMR monitored samples of D76N, except for the attenuation of GLU16 or HIS13, as will be discussed in the Experimental part. Thus, the association of D76N into dimers and their direct interaction with cit-AuNP is investigated in the following sections (see section "Protein-protein docking: prediction of dimeric interface"), looking for a better comparison with available experimental data.
For ΔN6 variant, in the lower panel of Fig. 3 , the contact patch identified by docking is confirmed to be well conserved, since the protein remains anchored through the DE-loop residues (LYS58, TRP60) and BC-loop residue (HIS31) during the entire 30 ns lenght of T-REMD. An additional contact is found through C-TER only in the last 20 ns of simulation. The capability of the ΔN6 protein to remain anchored to the citrate surface during T-REMD and the partial involvement of C-TER region is in line with the behavior of native protein, and in good agreement with the experimental data, as it will be discussed in the "Experimental part".
Protein-protein docking: the dimeric interface
In order to provide a complementary approach to the interpretation of available experimental data, a preliminary docking to build D76N dimers is performed. For the sake of completeness, ΔN6 dimer are also considered. The association of wildtype β 2 m or variants into dimers and, to reduced extents, larger oligomers [28] [29] [30] [31] in solution has been frequently observed.
Here, rigid-body docking method implemented in SDA 7.2 are applied to predict the dimeric interfaces of the modified encounter complexes, which are supposed to exist preassembled in solution before the addition of cit-AuNP. We wish to remark that the protein-protein Brownian Dynamics is performed as an initial sampling stage of protein-protein diffusional association in the presence of implicit solvent. The docked configurations obtained at this stage are then grouped with a hierarchical clustering algorithm into ensembles that represent potential protein-protein encounter complexes. Flexible refinement of selected representative structures is thus done by molecular dynamics (MD) simulations in explicit solvent. The advantage of using Brownian Dynamics is that it mimics efficiently the physical process of diffusional association of the unbound proteins whereas the atomistic refinement is accounting for the protein conformational flexibility upon association.
The protein-protein docking reported in this section and the MD refinements reported in the next section, represents a preliminary step towards the docking of D76N and ΔN6 dimeric adducts on cit-AuNP.
The adsorption free energies of the protein-protein encounter complexes of D76N-D76N and ΔN6-ΔN6 are reported in Table 2 along with the clustered trajectories.
D76N dimers. Docking to build proteins dimers starting from two identical D76N monomers was applied and it provided one main orientation accounting for more than 97% of all the protein-protein encounter complexes, as reported in Table 2 . The representative structure of the most relevant complex is shown in the last column of the same Table 2 . The contact residues are different for the two monomers (i.e. subunits) forming the dimer. Sub-unit 1, depicted in cyan, involves in the dimeric interface the binding N-terminal (THR4 PRO5), BC loop (HIS31) and FG loop (THR86 SER88). Sub-unit 2, depicted in green, shows B strand (PHE22) CD loop, D strand (ILE46, GLU47, LYS48, GLU50, ASP53) and E strand (TYR67, GLU69) as interacting residues.
In the case of D76N-D76N dimers, the binding is driven both by Lennard-Jones and electrostatic interactions.
ΔN6 dimers. The docking provided two different orientations accounting for 70 and 30 per cent of the encounter complexes, respectively. The most stable and populated complex has a residue interface for sub-unit 1 (orange) involving SER33, TRP60, PHE62, LEU54 and sub-unit 2 (magenta) involving HIS31, PRO32, ASP34, THR86.
The most representative and most populated complexes for each systems, are shown in Table 2 .
The results show that D76N variant has a more favourable attraction between monomers that facilitates aggregation with respect to ΔN6 (and native protein), at pH around neutrality. This can be interpreted as a consequence of the asparagine substitution for aspartate which has a substantial impact in the variant protein, despite the survived interaction between residues 42 and 76. 28, 29 For the sake of completeness, the stability of the proteinprotein dimers has been examined using 400 ns of standard MD simulations in solution, see Fig. 4 , starting with the most representative dimeric complexes obtained from rigid-body BD docking. Simulations were repeated four times using a different seed for the initial velocity distribution (d1, d2, d3, d4) for each system to improve the statistics of the search of the energy minima on the potential energy surface. Only the final most stable dimeric complexes are reported (more details are reported in the ESI †).
Dimers on cit-AuNP
Docking of dimers to negative gold. The docking procedure is thus applied to the dimers on negative gold surface. From MD simulations in Fig. 4 , two different dimers are obtained for each variant. More specifically, complexes A-d1, A-d4 pertain to D76N dimers and complexes I-d1 and I-d3 to ΔN6 dimers.
Docking results in Table 3 indicate that the surface charge has a crucial influence on the binding of the dimeric complexes on the negative AuNP. The electrostatic interactions play an important role in changing the relative stability of the most populated and stable complexes.
From Fig. 5 , complex 1-Ad1 of D76N is stabilised via LYS58 residue and the interacting patch is characterised by the presence of both NTER and CTER (MET99) close to the Au surface. Complex 1-Ad4 of D76N is also stabilised via LYS58 residue and it is shifting the NTER towards the negative surface. Both D76N dimers (ΔN6 net chg = +6.00e) benefits from a favourable electrostatic interactions with the negatively charged surface. On the contrary, ΔN6 dimers are both accompanied by an unfavourable electrostatic contribution due to the total negative charge of dimer (ΔN6 net chg = −4.00e). Resulting complexes 1-Id1 and 1-Id3 of ΔN6 interact textitvia the LYS58 and TRP60 and LYS58, ASP59, TRP60, respectively. Complex 1-Id3 is accompanied by a more unfavourable electrostatic energy which is partially compensated by the LJ interaction.
Enhanced sampling of dimers on cit-AuNP. As a final step of the computational strategy, T-REMD simulations are applied to refine the interactions between the dimers of D76N (complexes 1-Ad4 and 1-Ad1) and of ΔN6 (complexes 1-Id1 and 1-Id3) on cit-AuNP.
Our simulations illustrate that the dimers of the two variants display a distinct behaviour towards the negatively charged surface of the cit-AuNP, due to their different total charges. The initial contact of both dimers onto the surface of the citrate layer is facilitated by Coulomb interactions between the positively charged residues at N-TER and/or and loop DE (LYS58) and the oxygen anions of the citrate molecules. However, once protein flexibility is introduced, this molecular picture changes as the competition between protein-protein and protein-cit-AuNP interaction depends on electrostatics.
We found that the interaction with D76N dimers with citAuNP leads to complete dissociation of the dimeric adducts, 32 whereas for ΔN6 dimers the dissociation cannot be seen at the time length of the simulation. The gold-dimer interface of ΔN6 is found to be labile with respect to its gold-monomer interface and also to the gold-dimer interface of D76N. The electric field created by the cit-AuNP, in fact, is not strong enough to prevent the formation of stable complexes with ΔN6 monomers (ΔN6 net chg = −1.00e) but it weakens the interaction with dimers carrying a larger negative charge (ΔN6 net chg = −4.00e) due to an enhanced protonation state after dimerisation as explained in Methodology, see Fig. 7 . D76N 1-Ad4. Results reported in Fig. 6 , account for the protein approaching the cit-AuNPs at the N-terminal tail and at the DE loop of the single sub-unit 2 (green) within D76N dimer. The interaction between the protein and the AuNP surface exhibits an initial state where just the sub-unit 2 (green) is involved in the vicinity of the surface. However, after running T-REMD, the final state displays a configuration where the dimer is essentially disassembled 32 (see Fig. 6 , with sub-unit-1 and sub-unit 2 interacting with the citrate layer through the N-terminal fragment or the DE loop). The crucial points of this result is the significance of the interaction with cit-AuNPs that essentially leads to the complete dissociation of the dimer, i.e. disruption of the very first step of aggregation. D76N 1-Ad1. For the sake of completeness, docking with the "zipped" dimer is reported, showing a direct contact with citAuNP involving the unique sub-unit 2, see Fig. 6 . Sub-unit 2 touches the cit-AuNP surface through N-TER, AB loop (res 1, 3, 12, 13, 19) while DE loop (LYS58) and CTER (93, 97, 99) residues of the same sub-unit contact the surface only upon structural relaxation at the interface. Results are reported in Fig. 6 .
Interestingly, the binding patch of sub-unit 2 with cit-AuNP is identical to the binding patch of sub-unit 2 with sub-unit 1 (see Fig. 4 ), suggesting that the interaction of this dimer with the cit-AuNPs is potentially able to block active sites of one monomer for the binding to another protein, inhibiting the growth of further protein-protein interactions. Given the more extended protein/protein dimeric interface at the zipped dimer, the detachment of sub-unit 1 from sub-unit 2 for this complex, is not seen at the time length of the simulation but an overall weakening of the protein-protein interface is observed as a consequence of salt-bridges breaking (see ESI †). ΔN6 1-Id1, 1-Id3. Results illustrate that in the presence of ΔN6 dimers, the protein-cit-AuNPs interface is more labile at a physiologically relevant pH, as a consequence, 1-Id1 (zipped) dimer can attach and detach from the surface during TREMD but several contacts are observed. We wish to remark that the dimeric interface of (zipped) dimer with cit-AuNP is indistinguishable from the monomeric interface (res 58, 59, 60). In fact, the direct interaction with the surface is occurring via a single sub-unit, as shown in Fig. 7 . This suggests that for this species the dominant interaction may occur both with the monomers and with dimer (i.e. the monomer within the dimer), providing the same binding interface. Also in this case, the complete detachment of sub-unit1 from sub-unit 2, is not seen at the time length of the simulation but a change in the protein-protein interface leading to hydrogen bond breaking is seen during the simulations.
In the case of 1-Id3 (unzipped) it is not possible to identify a really stable binding patch for ΔN6 dimers at the time length of our simulations but only some unstable contact with positively charged residues (e.g. LYS48 and LYS75).
NMR experimental evidence
To map experimentally the interaction of the two β 2 m variants tested in the simulations, 15 N-1 H HSQC spectra of the two proteins without and with cit-AuNPs were collected using protein/ NP ratios of 213 and 567 for D76N and ΔN6, respectively. In spite of the rather conspicuous ratio difference, the examined solutions had approximately equal protein concentrations (the NP concentration was around 90 or 30 nM), which rules out artifacts due to the actual behaviour of the proteins reflecting essentially the amount of free species. The effect of the nanoparticle presence on the intensity and position of nitrogenhydrogen correlation peaks was assessed. As we reported before, 32 for D76N variant we observed no chemical shift variation but an intensity decrease with an average intensity ratio between the signals in the two spectra of 0.78 ± 0.04. The relative intensity profile shows a differential pattern indicating that there are specific residues preferentially affected by the presence of cit-AuNP. Concerning ΔN6 variant, in addition to intensity decrease, resulting in an average value of 0.78 ± 0.12, some peaks undergo also slight change in their chemical shift (see Fig. 8 and 9 ). Other two features can be noticed in ΔN6 HSQC spectrum recorded in presence of cit-AuNP: the doubling of D96 peak and the intensity increase of two peaks, namely V85 and D34. Similar effects were observed also when ΔN6 was monitored at lower concentration (4 μM, not shown), with the same cit-AuNP preparation. In general, intensity and chemical shift changes may report either the protein interaction surface with cit-AuNP and/or the protein-protein interaction evolution in the presence of cit-AuNP, as observed with D76N. 32 Besides the direct contact effects, any such interactions may prove capable of altering local conformations, which also may lead to intensity and/or chemical shift deviations. This must then be the case also with the changes in ΔN6 spectra. The clustering pattern of the chemical shift and intensity deviations depicted in Fig. 8 and 9 , along with the previously reported results for wild-type 9 and D76N, 32 suggest that a typical protein/cit-AuNP contact interface encompasses the N-terminal surrounding apical region (BC, DE and FG loops along with the N-terminal stretch where present). The additional involvements should reflect changes due to the shift of the protein/protein association equilibria that are elicited by competing protein/NP interactions and may concern either the association interface or allosteric structural effects that propagate to buried regions. All of these effects were already recognised in D76N/cit-AuNP systems 32 and seem to occur also with ΔN6, with appreciable effects also on chemical shifts. In particular, in Table 4 and Fig. 10 we report a direct comparison between experimental chemical shift deviations and the contacting residues of D76N and ΔN6 variants at the protein-NP interface. Our simulations both reproduce and explain the experimentally observed data. The deviations observed at B-strand, F-strand and C-terminal fragment of ΔN6 may feature a decrease of association, with consequent local rearrangements at strand B, in the presence of cit-AuNP. The cross-peak splitting distinctly observed for D96 amide signal is likely to arise from a decreased inter-conversion rate of two limiting local conformers following the association pattern change. The simulation results support the establishment of different conformation of the C-terminal region upon interaction with the cit-AuNP, as shown in Fig. 11 . The plot of the distance between D96 residue and the neighbouring V9 show the presence of three distinct peaks associated to different conformers, namely conformer α in solvent and conformers β and γ with cit-AuNP, in which the C-terminal tail is close/distant to strand A (V9). The cross-peak splitting observed experimentally could then reflect either the inter-conversion between the most populated peak α in solvent and peak γ on cit-AuNP or between β and γ. Since those conformers β and γ are not observed in solvent, their onset can be ascribed to the interaction with the cit-AuNP surface. On the other hand, the intensity increase coupled to resonance shift of V85 and D34 amide cross-peaks could reflect local decrease of dipolar or/and exchange broadening arising from cit-AuNP contact, associated to a conformational change at BC and DE loop as resulted from simulations (Fig. 12) . The conformational changes of those loops are known to play an important role in fibrillation process.
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Diffusion coefficient determinations NMR 2D DOSY spectra 34 were collected to measure the translational diffusion coefficients of the β 2 m variants in the absence and presence of cit AuNPs. The results clearly show that the diffusion coefficients of the proteins increase when cit AuNPs are present in solution Fig. 13 . This is consistent with an effect of cit AuNP on the protein association equilibria that prove all shifted towards the monomeric species. 
Conclusions
In conclusion, we have proposed a comprehensive and consistent mechanism for how citrate covered gold NP influence protein aggregation (dimerization) and thus fibril formation for the highly amyloidogenic variants D76N and ΔN6. The characterisation of the interaction between cit-AuNPs and D76N, ΔN6 β 2 m naturally occurring variants, by atomistic simulations has shed light on the microscopic mechanism of the process. By NMR we have mapped preferential interaction sites on the protein surface that have been properly reproduced by modelling calculations. We propose that the prominent dimer population of D76N at neutral pH undergoes efficient reshaping and eventually splitting in the presence of a cit-AuNP surface. Conversely, the similar distribution of association adducts of ΔN6 protein interacts less efficiently, i.e. with reduced turnover frequency, with cit-AuNPs. The reduced efficiency accompanies the electrostatic repulsion contributions that are estimated more unfavorauble for the dimer with respect to monomers. While in simulations this effect determines indistinct extent of interaction of monomers and dimers with cit-AuNPs, the experimental NMR pattern of ΔN6 shows more pronounced consequences on the chemical shifts, with respect to the corresponding pattern observed with D76N. For both proteins, however, the NMR evidence also demonstrates consistently a reduction of the association extent in presence of nanoparticles as inferred from the increase of the translational diffusion coefficient. In some of the simulated systems, we found that the interaction of D76N dimers with cit-AuNP leads to complete dissociation of the dimeric adducts, whereas for ΔN6 dimers the dissociation could not be seen at the time length of the simulation. However, the interaction with cit-AuNPs is always seen to interfere at the sites of protein-protein interaction and to lead, conceivably, to an inhibition of the fibrillation events.
Methodology
Brownian dynamics simulations. Rigid-body docking simulations were carried out using Brownian dynamics (BD) techniques with the ProMetCS continuum solvent model for protein-gold surface interactions. 16, 20 The calculations were performed using the SDA version 7 software. 17 The β 2 m structure was taken from the NMR solution structure (PDB id: 1JNJ) and the mutation at residue 76 was introduced manually, as the truncation of the first six residues of ΔN6. Titratable protein side chains, were assigned at pH 7.2 with H++. 18 As in ref. 9 , in addition to HIS51 and HIS84 even HIS31 is protonated, given the presence of the negative citrate adlayer which may stabilise the protonated regime. For dimers the protonation state was assigned after dimerisation in explicit solvent. We wish to remark that the ΔN6 monomers in solvent has an initial ΔN6 net chg = −1.00e but after dimerisation the protonation state of each monomeric sub-unit becomes ΔN6 net chg = −2.00e. 5000 BD trajectories were computed starting with the proteins positioned randomly with its center at a distance of 70 Å from the surface where the protein-surface interaction energy is negligible. The specified number of docked complexes was extracted directly from the runs and clustered with a clustering algorithm. 19 . BD trajectories were generated in a rectangular box (ibox = 1); the dimensions of the (x, y) plane, describing the symmetry of the simulation volume as well as the surface size, were given as input parameters. At each BD step, the protein-surface interaction energy and forces acting on the protein were computed using the implicit-solvent ProMetCS forcefield, 20 developed and parametrised for protein-gold surface interactions. The energy terms included in ProMetCS have been described in the main text.
We applied a single-linkage clustering method (based on CA atoms, with RMSD = 3.0 Å) algorithm and parameters providing the smallest number of physically distinct orientations of β 2 m on cit-AuNP, for all the results given in the manuscript.
Molecular dynamics simulations. We used our own force field parameters for the citrate anions based on ab initio calculations. The same protein and gold structures as for the BD simulations were used for the initial coordinates for the MD simulations. A rectangular simulation box of dimensions (101.5 Å × 99.6 Å × 101.5 Å) including SPC/E water molecules, the protein monomers and dimers and the gold surface was built. The protein was placed at the positions of the representatives of the docked clusters obtained from the BD docking simulations. Before the addition of the water molecules, the center of mass of the protein was placed at 47 Å from the surface, retaining the original docked orientation with respect to the surface. The choice of this distance was motivated by various tests that we performed showing that if the simulations were started with the protein in direct contact to the surface (or at smaller distances), it was in a kinetically trapped state where only minor relaxation could take place on the timescale of tens of ns. During equilibration dynamics, all systems contacted the surface within the first 1 ns of MD without reorienting respect to the surface.
All simulations were performed with the Gromacs 5.2.1 package. 25 GolP 16 and OPLS/AA parameters 26 were used for the surface and the protein and the SPC/E water model 27 was applied. The lengths of bonds were constrained with the LINCS algorithm. Surface gold atoms and bulk gold atoms were frozen during all simulations but gold dipole charges were left free. Classical MD simulations were performed at constant volume and temperature (T = 300 K). Periodic boundary conditions and the Particle-Mesh-Ewald algorithm were used. A 2 fs integration time step was used. For the citrate anions we have implemented new force field parameters based on ab initio calculations (that take into account the quantum nature of such small chemical species) in a consistent and compatible way with the existing GolP force field for the protein-AuNP surface interactions.
We worked out an enhanced MD sampling performed with T-REMD (Temperature Replica Exchange) simulations in explicit water on the most relevant encounter complex found along the docking. The sampling was enhanced by introducing temperature swapping moves between states with similar density at different temperatures. We employ a total of 32 replicas, covering the temperature range between 290 and 320 K.
Principal component analysis, clustering analysis, hydrogen bond and salt bridges analysis were also performed using GROMACS.
NMR. 15 Processing with t1 linear prediction, apodization and zerofilling prior to Fourier transformation led to 2K1K real spectra. Water suppression was achieved by using a flip-back pulse in the HSQC experiments. 37 All measurements were performed at 25 C. Spectra were processed with Topspin 2.1 and analysed with Sparky. 38 Chemical shift deviations were calculated as Δδ whereas the relative intensity is the ratio of the peak intensity in the presence of cit-AuNP and in the absence. Diffusion coefficients were determined by means of 2D 1 H DSTEBPP (Double STimulated Echo BiPolar Pulse) experiments. 40 Protein concentration was 4 μM in 50 mM Hepes, pH = 7 in 95/5 H 2 O/D 2 O, either in absence and in presence of citAuNP. Sodium citrate (1.5 mM) was present in the absence of NP. The z-axis gradient strength was varied linearly from 10 to 90% of its maximum value (∼60 G cm −1 ) and matrices of 2048 by 40 points were collected by accumulating 512 scans per gradient increment. Water suppression was carefully adjusted by appending to the DSTEBPP sequence a pair of WATERGATE 41 elements in the excitation-sculpting mode. 42 Careful setting was the acquired data were processed using the Bruker software Dynamics Center to extract the diffusion coefficients.
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